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FRACTURE ANALYSIS OF VARIOUS CRACKED CONFIGURATIONS
IN SHEET AND PLATE MATERIALS
J. C. Newman, Jr.
NASA Langley Research Center

Hampton, Virginia 23665, U.S.A.

ABSTRACT

A two-parameter fracture criterion has been derived which relates the
linear-elastic stfess-intensity factor at failure, the elastic nominal failure
stress, and two méterial parameters. The fracture criterion was used previ-
ously to analyze fracture data for surface- and through-cracked sheet and
plate -specimens under tensile loading. In the present paper the fracture
criterion was applied to center-crack tension, compact, and notch-~bend frac-
ture specimens made of steel, titanium, or aluminum alloy materials tested at
room temperature. The fracture data included a wide range of crack lengths,
specimen widths, and thicknesses. The materials analyzed had a wide range of
tensile properties. Failure stresses calculated usiﬁg the criterion agreed
well (+10 percent) with experimenkal failure stresses. The criterion was also
found to correla;e fracture data from different specimen types (such as center-
crack tension and compact specimens), within +10 percent for the same material,
thickness, and test temperature.
KEY WORDS: Fracture, Fracture Mechanics, Stress Intensity Factor, Cracks,

Materials.
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INTRODUCTION

The concepts of Linear-Elastic Fracture Mechanics have becen very useful
in correlating fracture data for cracked plates and structural components in
which the crack-tip plastic deformations are constrained to small regions
(plane-strain fracture [1]). However, for high-~toughness sheet materials
where large amounté of plastic deformation occur near the crack tip at frac-
ture, the elastic stress—intensity factor at failure (KIe) varies with planar
dimensions, such as crack length and specimen width. (See [2]-[5].) To

account for the variation in K with crack length and specimen width, the

Le
elastic-plastic stress—strain behavior near the crack tip must be considered.
Several equations for calculating the elastic-plastic stress-strain
behavior at notches or cracks have been proposed. Among thesé are equations
derived for notches by Hardrath and Ohman [6], and by Neuber [7]. For cracks,
equations have been derived by Hutchinson [8] and by Rice and Rosengren [9].
The Hardrath-Ohman equation was later generalized for a cracked plate and was

applied as a fracture criterion by Kuhn and Figge [10}. 1In a similar way,
Newman [4, 5], using the Neuber relation and the elastic-stress distribution
in the crack-tip region, derived a fracture criterion for a cracked plate
which related the elastic stress-intensity factor at failure, the elastic
nominal failure stress, and two material parameters. The two-parameter frac-
ture criterion was used in [4] to analyze failure of surface- and through-
cracked sheet and plate specimens under tensile loading. This criterion was
rederived in a more general form in [5] and was used to analyze failure of
compact and notch-bend sheet specimens.

In the present paper, the criter:ion was applied to center-crack tension,

compact, and notch-bend sheet and plate specimens (Fig. 1) made of steel,



titanium, or aluminum alloy materials tested at room temperature. The frac-
ture data included a wide range of crack lengths, specimen widths, and thick-

nesses. The materials analyzed had a wide range of tensile properties.

SYMBOLS

c Initial length of crack defined in Figure 1, m

F Boundary correction on the stress-intensity factor

KF Fractﬁre toughness computed from Equation (2), N/m3/2
KI Elastic stress-intensity factor, N/m3/2

KIe Elastic stress—intensity factor at failure, N/m3/2

L Major span length for notch-bend specimen, m

m Fracture-toughness parameter

P Applied load at failure, N

S Gross failure stress, N/m2

Sn Elastic nominal stress (net section) at failure, N/m2
Su Ultimate value of elastic nominal stress, N/m2

t Specimen thickness, m

W Specimen width, m

Y Function defined by Equation (6)

A Crack-length-to-specimen width ratio (defined in Fig. 1)
Oy Ultimate tensile strength, N/m2

Oyé Uniaxial yield stress, N/m2

0] Ratio of K to K

Ie F
TWO-PARAMETER FRACTURE CRITERION

The elastic-stress distribution near a crack tip in an elastic material
which contains the stress-intensity factor, KI’ and the square-root singularity

is well known [2]. The determination of Ki is the basis for Linear-Elastic



Fracture Mechanics. The stress-intensity factor is a function of the load,

the configuration, and the size and location of the crack. In general, the

elastic stress-intensity factor at failure for any cracked (Mode I) configu-
ration can be expressed as

Kle=sn Tc F (1)

where Sn is the nominal failure stress'(computed from the maximum load at
failure) and ¢ is the initial crack length. The boundary-~correction factor,
F, accounts. for the influence of various boundaries on stress intensity.
(Appendix A gives the equations for Sn and F for the center-crack, compact,
and notch~bend specimens.) The use of the linear-elastic cquation is
restricted to conditions in which the plaétic zone at the crack tip is very
small compared to other dimensions of the bédy (brittle fracture [1}). Conse-
quently, to analyze ductile materials, the elastic-plastic behavior of the
stresses and strains near the crack tip must be considered.

A fracture criterion was derived [4, 5] that accounts for the elastic-

plastic behavior of the material. This criterion is

K, = —le for S <o (2)
F S n-— ys
1-m{=
S
u

where KF and m are the two material parameters. The stress SU (the
ultimate value of elastic nominal stress) was computed from the load required
to produce a fully plastic region or hinge [11] on the net section (based on
the ultimate tensile strength, Uu). For the centef—crack tension specimen SU
is equal to Ou. For the three-point notch-bend specimen Su is 1.5 O

For the compact specimen Su is a function of load eccentricity, and is

1.62 0, for a ¢/W ratio of 0.5. (See Appendix A.)



The fracture parameters KF and m are assumed to be constant in the
same sense as the ultimate tensile strength; that is, the parameters may vary
with material thickness, state of stress, temperature, and rate of loading.

To obtain fracture constants that are representative for a given material and
test temperature, the nominal failure stress must be less than Oys’ the
fracture data should be from a single batch of material of the same thickness,
and from tests that encompass a wide range of specimen width or crack length.

If m is equal to zero in Equation (2) KF is equal to the elastic stress-
intensity factor at failure, and the equation represents behavior of low-
toughness materials (plane-strain fracture). If m is equal to unity the
equation represents behavior of high-toughness materials (plane-stress frac-
ture) [4, 5]. Thus, the fracture~toughness parameters, KF and m, describe
the crack sensitivity of the material.

The denominator in Equation (2) reflects the influence of the nominal
failure stress on fracture toughness. The variation of the denominator with
nominal stress for a typical material is shown in Figure 2. When the nominal
stress is less than the uniaxial yield stress, Oys’ the function ¢ (ratio of
Kio to KF) is a linear function of nominal stress (solid line). The line
has a negative slope, m. However, when the nominal failure stress is greater
than the yield stress, the function ¢ becomes nonlinear and is dependent
upon the stress-strain curve of the material and the state of stress in the
crack-tip region, as discussed in [4]. For thin materials, where the state of
stress in the crack-tip region is biaxial, the expected behavior is estimated

by the dash-dot curve. An equation was chosen to give a simple approximation

to the dash-dot curve and is given by



KIe 9 s Sn
u

for Oys < Sn < Su and is shown by the dashed curve. The vertical dashed
line truncates the nominal stress at Su' For thick materials, where the
state of stress in the crack-tip region is triaxial, the fracture behavior
for Sn > Gys is expected to lie closer to the solid line. The solid verti-
cal line truncates the nominal stress at Su' The function ¢, described by
the solid lines, was used in {4, 5). In order to show the expected range of
behavior for thickness, both the solid and dashed curves were used for

n ys
EAILURE PREDICTIONS

S >0 in the section on "Analysis of Test Data."

After the fracture toughness parameters KF and m have been determined
':vfroﬁ ffactUré‘tésts on a given material and test temperature, Equations (2) and
(3) can bé.usedvtp bredict faiiure stresseé for other cracked configurations.
" The failufe stfesseé were calculated by substituting Equation (1) into Equa-

tions (2) and (3), and were given by

K

Sn = = KF forv Sn < G}’S (4)

VTH'_EF'*'—S:-

and
- 2 _ .
Sn = \szy) + 2Ysu my for Su > Sn > Oys (5)
where
' KF Ozs
Y = (6)

2su\ﬁEEF |

Figure 3 shows the computed nominal failure stresses from Equations (4) and
(5) normalized to .Su for a typical méterial as a function of crack length
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in an infinite plate subjected to tensile loading. The tensile and fracture
properties for this material are given in Figure 3. The solid curve shows the
calculations from Equation (4) for nominal failure stresses less than and
greater than the yield stress of the material. For small crack lengths (less
than about 1 mm for this material), Equation (4) predicts nominal failure
stresses greater than Su, but in these cases Sn was set equal to Su' The
dash-dot curve in Figure 3, which shows the expected behavior for a thin mate-
rial (Sn > Oys)’ was calculated by using the function ¢, described by the
dash-dot curve in Figure 2. The dashed curve shows the calculations from
Equation (5) for Sn > Oys' For stress levels greater than the yield stress,
Equation (4) (solid curve) predicts failure stresses higher than expected for
thin center-crack tension, compact, and notch-bend specimens made of ductile
materials, but closely approximates the failure stresses for surface-cracked
specimens [4]. Because the function ¢, given by Equation (3), is a simple
approximation to the expected behavior, Equations (3) and (5) should be used
only to estimate failure stresses for Sn > Oys and not to obtain KF and m
from nominal failure stresses in that range.
ANALYSIS OF TEST DATA

Fracture data from the literature on center-crack tension, compact,‘and
notch-bend specimens made of steel, titanium, or aluminum alloy sheet and
plate material were analyzed using the two-parameter fracture criterion. The
fracture constants, KF and m, were determined from the fracture data using
Equation (2) and a best-fit procedure [4]. In some cases, to illustrate that
KF and m are material parameters, they were determined from one type of
specimen and were then used to predict the failure stresses for other types of

specimens. In the following sections all of the fracture data are presented



in terms of the elastic stress~intensity factor at failure, K The experi-

Ie

mental K values are compared with either calculated or predicted values

Ie

as a function of crack length or specimen width. The calculated or predicted

KIe values were obtained by substituting the failure stresses computed from

Equations (4) or (5) *'into Equation (1) and were given by

KIe - KF for Sn —>Oys {(7)

1+ —

su\[ﬁF

Ko ={ \[(mY)Z +2ys - mY} \7c Ffor S, 7 8y > Oy (8)
and
KIe = Su e F for Sn = Su )]
The '"calculated" KIe values were obtained by a best fit of Equation (7) or

(8) to the experimental data. The "predicted" values were obtained from

Equation (7) or (8) where KF and m were determined from fracture tests

conducted on a different specimen type. Equation (7) was also used for
Sn > Oys in order to show the expected range of behavior for thickness as
discussed previously.

Aluminum Alloy Specimens

Tests on 7075-T6 and 2024-T3—Fracture tests were conducted on center-~

crack tension specimens (Fig. 1(a)) made of 7075-T6 or 2024-T3 material (NASA
Langley data, Table I) to demonstrate that the fracture criterion applies over
a wide range of material fracture toughnmess. The fracture data (square symbois
for 7075-T6 and circular for 2024-~T3) are shown in Figure 4 as KIe plotted

against crack-length-to~width ratio. The solid symbols denote tests for which

Sn was greater than Oys' The KIe values for the 7075-T6 were nearly



3/2).

constant, as expected, for a low-toughness material (KF = 31 MN/m In

contrast to the low-toughness behavior of the 7075-T6, the 2024-T3 sheet

/2

material exhibited a high-fracture toughness (KF = 267 MN/m3 ). Because the
fajlure stresses for the 2024-T3 specimens were nearly equal to the yield
stress of the material, KIe varied significantly with crack length. The
solid curves show the calculated results from the fracture criterion (Eq. (7))
using the values of KF and m determined from a best fit of these data.
The dashed curves (at crack-length-to~width ratios less than 0.15 and greater
than 0.85 for the 2024-T3 alloy) show the calculated behavior for Sn > Oys
using Equation (8). The calculations from Equation (7) for Sn > oys (not
shown) nearly overlapped the dashed curve. For both materials, the calculated

results were in good agreement with the experimental results.

Tests on 2219-T851—Kaufman and Nelson [12] conducted fracture tests on

compact specimens (Fig. 1(b)) made of 2219-T851 plate material for various
specimen thicknesses, widths, and crack lengths. The plate thickness analyzed
was 25.4 mm and the ¢/W ratio was 0.5. Figure 5 shows the experimental

(symbols) and calculated (curves) K values plotted against specimen width.

Ie

Thg fracture constants, KF and m, were determined from these data (Sn < Oys).
The solid symbols denote fracture tests for which Sn was greater than Oys'
The solid and dashed curves were calculated using Equations (7) and (8),
respectively. Equation (7) was applied over the complete range of specimen
widths, even though Sn was greater than Oys’ to show that the two equations
give about the same results (within 10 percent) for W < 100 mm. - For wide

specimens, the calculated K values approach the fracture toughness KF

Ie
(indicated by the dash-dot line).



The results of fracture tests conducted on 38-mm-thick compact specimens
[12] at various c¢/W ratios for a constant specimen width (150 mm) are shown

/2 and m = 0.89

in Figure 6(a). The fracture constants KF = 5.8 MN/m3
were obtained from data (not shown) on the same material and thickness where
the c/W ratio was held constant at 0.5 and the specimen width was varied
between 75 and 150 mm. Since these fracture properties were obtained from
tests with a constant c/W, they do not inherently account for variatioms in
KIe with ¢/W. The curve in Figure 6(a) shows the predictions using Equa-
tion (7). The agreement between the experimental and predicted results is
considered good. Figure 6(b) shows how the pin-loaded holes in the compact
specimen influences nominal failure stresses. The symbols show the experimen-—
tal failure stresses plotted against c¢/W for the same data shown in Fig-
ure 6(a). The solid and dashed curves show the predictions using Equation (4)
and the boundary-correction factors obtained with [13] and without (ASTM
E399-74) the pin-loaded holes. The good agreement between the experimental

and predicted results (solid curve) at the small c/W ratios can be attributed

to including the influence of the pin-loaded holes on stress intensity.

‘Tests on Hiduminium-48—Adams and Munro [14] conducted fracture tests on
center-crack tension specimens made of Hiduminium-48, an aluminum alloy sheet
material, over a wide range of crack lengths and specimen widths. The material
thickness for all specimens was 3.2 mm. The experimental results (symbols) are
presented in Figure 7(a) as K plotted against 2c¢/W for specimen widths

Ie

ranging from 50 to 200 mm. The curves were calculated using Equation (7) or

/2 and m = 0.95

(8) depending on nominal stress levels, with TF = 405 MN/m3
(best fit to these data). The two~parameter fracture criterion correlated the

data within +4 percent for all crack lengths and specimen widths. (The solid

10



curves for Sn > oys nearly overlapped the dashed curves and were not shown
to simplify the plot.)

Adams and Munro [14] also conducted fracture tests on compact specimens
made of the same Hiduminium—-48 sheet material previously described. The com-
pact specimen fracture data were analyzed using the fracture constants, KF
and m, determined from the center-crack tension specimens. Figure 7(b) shows
the experimental (symbols) and predicted (dashed curve) KIe values plotted

against specimen width. The predicted K values fell within +10 percent of

Ie

the experimental results, even though the nominal failure stresses were 20 to
50 percent higher than the yield stress of the material. The solid curve,
predicted from Equation (7), is about 15 percent higher than the experimental

KIe values. These predictions also indicate that specimen widths much larger

than 250 mm would be required to obtain failures with Sn < Oys'

Tests on 7075-T6 Clad and 2014-T3—Bradshaw and Wheeler [15] conducted

fracture tests on center-crack tension and compact specimens made of four dif-
ferent aluminum alloy sheet materials. All specimens were 1.6 mm thick. Only
the analysis of the materials with the highest and lowest yield stress
(7075-T6 clad and 2014-T3, respectively) are shown.

The fracture constants, KF and m, for the two aluminum alloys were
determined from an analysis of the center-crack specimen data (not shown). The
center-crack specimens were either 250 or 750 mm wide and the crack-length-to-

width ratio ranged from 0.1 to 0.5. The fracture properties KF =77.6 MN/m3/2

/2

and m = 0.43 were obtained from the 7075-T6 data and KF = 273 MN/m3 and
m =1 from the 2014-T3 data.
The fracture properties determined ffom the center-crack tension specimens

were then used to predict the failure of the compact specimens. The elastic

11




stress-intensity factor for the compact specimens used in [15], which were not
standard ASTM (E399-74) specimens, was
P

1T T =3
e W

Figure 8 shows the experimental K

K .7 for = 0.17 (10)

=Iin

Ie values (symbols) plotted against speci-
men width for the 7075-T6 clad material. The solid and dashed curves show the

predicted K values using Equations (7) and (8), respectively. The pre-

Ie
dicted behavior was within +7 percent of the experimental results.

Figure 9 shows the experimental (symbols) and predicted (dashed curve)
KIe values plotted against specimen width for the 2014-T3 compact specimens.
The nominal failure stresses for all of the specimens were greater than Oys'
The dashed curve shows the predicted behavior using Equation (8) with the
values of KF and m that were determined from the center-crack specimen
fracture data. The predicted behavior was within +5 percent of the experimen-
tal results. Again, the solid curve shows how Equation (7) overpredicts
the experimental failure stresses for thin materials when the nominal failure

stresses are greater than Uys.

Ti-6A1-4V Titanium Alloy Specimens

Gunderson (Air Force Materials Laboratory, AFML-MXE 73-3) conducted
fracture tests on compact épecimens made of a beta-processed mill-annealed
plate of Ti-6A1-4V (25.4 mm thick). Figure 10 shows the experimental (symbols)
and calculated (cprves) K values plotted against specimen width. The c¢/W

Te

ratio for these data was 0.5. The values of KF and m used in the calcula-
tions were determined from an analysis of these data. The calculated results

(solid and dashed curves) for c/W = 0.5 agreed well with the experimental

results. The curves for c¢/W.= 0.2 and 0.8 show how KIe varies as a

12




function of ¢/W. These results indicate that for larger c¢/W ratios wider
specimens are required to obtain Sn < oys (intersection of solid and dashed
curves denote where Sn = Oys). All three curves approach the fracture tough-
ness, KF (dash-dot line), for very wide specimens.

4340 Steel Specimens

Jones and Brown [16] conducted fracture tests on three-point notch-bend
specimens (Fig. 1(c)) made of 4340 steel with several strength levels. These
tests were conducted to determine the influence of thickness, crack length,
and specimen width on fracture toughness. Figure 11 shows the results of
fracture tests (symbols) conducted on 1.3 and 25.4 mm thick specimens with
c¢/W = 0.5 for various specimen widths. The curves were calculated using
either Equation (7) or (8) with KF and m determined by a bgst fit for each
material thickness. For the thin material, all of the test data had nominal
failure stresses greater than the yield stress of the material. Therefore,
the values of KF and m were determined using Equation (8). (The values of
KF and m should have been obtained from testing specimens with widths
greater than 75 mm where the nominal failure stresses would have been less
thap Gys’ but no fracture data were available with widths greater than 75 mm.)
the plane-strain fracture

For the thicker'material, K., was equal to

F Kies

toughness, and K values were independent of specimen width.

Ie
PLANE-STRESS AND PLANE-STRAIN FRACTURE

The two-parameter fracture criterion derived in References [4] and [5]

gave a linear relationship between K e and the nominal failure stress, Sn’

I

for Sn < Oys. The three-dimensional diagram in Figure 12 shows how the experi-

mental values of KIe (square symbols) vary as a function of nominal failure

stress (normalized to Su) and plate thickness for compact specimens made of

13



2219-T851 aluminum alloy [12]. The experimental relationship between KIe
and 'Sn is, also, approximately linear. The three-dimensional surface,

formed by the straight-line generators (solid lines), is the locus of KIe
values for various combinations of specimen dimensions. The ASTM standard
test procedure (E399-74) is intended to produce a constant value of plane-

strain fracture toughness, K Such behavior would produce a plateau near

Ic’
the left extremity of the surface showﬁ (with m = 0). For many materials of
practical interest the specimens required to produce plane~strain fracture are
so large that testing is very difficult, if not impossible. Thus, the two-
parameter fracture criterion can be useful for computing fracture toughness
and predicting failure stresses for structural materials which fracture under
either plane~stress or plane-strain conditions.
CONCLUDING REMARKS

A two-parameter fracture criterion that relates the elastic stress-
intensity factor at»failure, the elastic nominal failure stress, and two
material parameters was used to analyze fracture data on center-crack tension,
compact, and notch~bend specimens made of steel, titanium, or aluminum alloy
materials tested at room temperature. The specimens had a wide range of crack
lengths, specimen widths, specimen thicknesses, and material properties. The
fracture criterion correlated the data well (generally within +10 percent of
the experimental failure stresses) for a broad range of materials, including
some regarded as very ductile. The fracture criterion was also found to
correlate fracture data from different specimen types (such as center-crack

tension and compact specimens), within +10 percent for the same material,

thickness, and test temperature.
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APPENDIX A. ELASTIC STRESS-INTENSITY FACTORS AND NOMINAL STRESS DEFINITIONS
FOR THE CENTER-CRACK TENSION, COMPACT, AND NOTCH-BEND SPECIMENS

In the application of Equations (2) and (3) to center-crack tension, to
compact, and to notch-bend specimens, the stress-intensity factor, the nominal
stress, and Su must be determined as a function of crack length and specimen
width, The following sections give these equations.

Center~Crack Tension Specimen

For the center-crack specimen (Fig. 1(a)), the elastic stress-intensity

factor is given by Equation (1) where

S = (AY)

and‘

F = (L - A\)\Isec (1-22) a2)

for 0 <X < 1.0 where A is the crack-length-to-width ratio. The secant
termvis the finite-width correction on stress intensity and was obtained from
[1}.

The ultimate value of elastic nominal stress, Su’ for the center-crack
specimen is ou.

Notch-Bend Specimen

For the notch-bend épecimen (Fig. 1(c)), the elastic stress-intensity

factor is given by Equation (1) where

3PL ~
n t(W - c)2
and
F=q- 02 (A4)

T
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The function f()\), obtained from [1], was given by

_ 2 3 4
f(A) = AO + A1 A+ A2 A+ A3 AT+ A4 A (A5)
L/W A0 Al A2 A3 A4
4 1.93 -3.07 14.53 -25.11 25.80
8 1.96 -2.75 13.66 -23.98 25.22

for 0 < X < 0.6. Equation (A5) is within 0.2 percent of the more accurate
vélues [17]) for c/W ratios (A) up to 0.6 and is 3.5 percent lower than the
correct value at a c¢/W ratio of 0.7,

The ultimate value of elastic nominal stress, Su, for the notch-bend

specimens is 1.5 Ou. This was computed from the load required to produce a
fully plastic hinge on the net section using the ultimate tensile strength.

CompactvSpecimen

For the compact specimen (Fig. 1(b)), the elastic stress-intensity factor

is, again, given by Equation (1) where

_ P 1+ A
sn—t(w—c)[l+3(1_)\1| (A6)
and .
N ¢ SR VI 40
(A7)

1T+ A
\'TT)\E.+3(1_)\):‘
The function f(A), obtained from [13], was given by

£V = 4.55 — 40.32 \ + 414.7 A% - 1698 A°

+ 3781 A% - 4287 2% + 2017 A° (A8)
for 0.2 < A < 0.8. Equation (A8) includes the influence of the pin-loaded

holes in the compact specimen.
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The ultimate value of elastic nominal stress, Su’ for the compact speci-

men is a function of load eccentricity and is given by

| ST T == ] AR = | P

For a range of X between 0.2 and 0.8,

S =1.61l0 (A10)
u u

agrees to within 4 percent of that given by Equation (A9).

TABLE I. NOMINAL FAILURE STRESSES FOR CENTER-CRACK TENSION SPECIMENS

OF 7075-T6 PLATE AND 2024~-T3 SHEET MATERIAL

7075-T6 2024~-T3
t =12.7 mm t =2.3mm
W = 300 mm W = 300 mm
G = 600 MN/m> G = 490 MN/m>
u 2 u 2
G = 496 MN/m o = 356 MN/m
ys ys
S [ b s
c, n c, n
mm MN/m2 mm MN/m2
8.5 170.6 6.4 364.4
13.0 142.3 12.7 356.1
13.2 135.7 25.4 344.2
17.3 135.3 50.8 329.4
51.4 111.1 76.2 321.3
73.9 92.3 101.5 321.8
101.3 93.0
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Figure 1. Center-crack tension, compact, and notch-bend specimen
configurations.
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